shiki et al., 2001
). This rules out the simple model of a linear positive transcriptional cascade. Instead, it has been proposed that there is an independent "temporal identity timer" that regulates Hb / Kr / Pdm1 / Cas expression in neuroblasts (Isshiki et al., 2001) .
In this paper we investigate the neuroblast temporal identity timer, testing a number of possible mechanisms (Figure 1 ). We draw three main conclusions. First, the timing of hb gene expression is transcriptionally regulated and requires neuroblast cytokinesis. Second, the timing of Kr / Pdm1 / Cas expression occurs normally in G 2 -arrested neuroblasts or in vitro isolated neuroblasts, and thus involves an intrinsic timing mechanism. Third, Hb regulates the temporal identity timer: Hb expression keeps the neuroblast "young" for multiple divisions, and release of Hb allows resumption of the normal neuroblast lineage.
Results

Hb Timing Is Regulated at the Transcriptional Level
To determine whether hb is regulated transcriptionally or posttranscriptionally in the CNS, we performed double labels for hb active transcription (using an intron probe) and Hb protein (using an antibody) (Figure 2) . We also performed double labels for hb mRNA and protein levels (data not shown). If posttranscriptional regulation plays a major role, we should observe neuroblasts that actively transcribe hb but lack Hb protein; if transcriptional regulation is dominant, most neuroblasts should be double positive for active transcription and protein.
We observed that the large majority of neuroblasts are double positive for both active transcription and protein (82.5%; Figure 2A ), whereas only a small minority have active transcription without detectable Hb protein (2%; Figure 2B ). These appear to be newly formed neuroblasts that have just started to express hb, although we can't rule out a minor role for posttranscriptional regulation. The remaining neuroblasts show Hb protein without active transcription, and are probably at the end of the hb expression window (7%; Figure 2C ), or are in mitosis and are transcriptionally inactive as expected for this stage of the cell cycle (8.5%; Figure 2D ). Similar results were obtained for hb mRNA/Hb protein double labels (data not shown). The tight correlation between active transcription, cytoplasmic mRNA, and ble Hb protein in GMC/neuronal progeny, but rather is Figure 3E ). This tionally, coupled with the fact that hb is known to posiis in contrast to the epidermis, where a pulse of ectopic tively autoregulate its own expression during segmenHb is able to induce persistent transcription of the entation (Hulskamp et al., 1994) , suggests a simple and dogenous hb gene, presumably by initiating a positive elegant "asymmetry/autoregulation" model ( Figure 1B) , autoregulatory loop (data not shown). We conclude that in which asymmetric partitioning of hb mRNA or protein Hb is not required and is not sufficient to activate its into the GMC maintains hb transcription in the GMC own expression in the CNS. Thus, we can rule out the (due to positive autoregulation) and eliminates it from "asymmetry/autoregulation" model for timing hb exthe neuroblast (due to lack of transcriptional activapression ( Figure 1B Figure 3A) . ) and generate clones of differentiated neuronal progeny which can express Hb, Pdm1, and Cas Nevertheless, it remains possible that an Hb cofactor could be partitioned into the GMC, rather than Hb, so (Brody and Odenwald, 2000) , but gene expression timing in the neuroblast has never been analyzed. We diswe wanted to test this model further by investigating whether Hb positively regulates its own expression sociated embryos just after neuroblast formation and cultured the neuroblasts for different times (from 0.5 hr within the CNS. We first examined hb transcription within the CNS in hb mutant embryos, using an hb muto 5 hr), and then assayed Hb, Kr, and Cas protein distribution within each neuroblast clone (Figure 4 ). We tant allele that makes a nonfunctional protein. In these mutant embryos, we clearly detect hb transcription in only scored neuroblast clones that were not in contact with any other cells to avoid the possibility of interclone neuroblasts ( Figure 3D ) and GMCs (data not shown), arrested neuroblasts continue to actively transcribe hb ( Figure 5D ), which demonstrates that they fail to downHb Timing Requires Neuroblast Cytokinesis It has been shown previously that G 2 -arrrested neuroregulate hb transcription rather than just maintain abnormally stable Hb protein. In pebble mutant embryos blasts maintain a high Hb, low Kr profile similar to newly formed neuroblasts, never making the transition to beat stage 12, neuroblasts progress through the cell cycle normally but fail in cytokinesis, resulting in four or more ing Hb -Kr + (Isshiki et al., 2001 ). However, this experiment does not distinguish between cytokinesis or cell distinct nuclei per cell ( Figure 5C, inset) . The pebble mutant neuroblasts also fail to downregulate Hb protein cycle progression for advancing neuroblast gene expression, and it is unknown whether these G 2 -arrrested levels ( Figure 5C ) and hb transcription ( Figure 5E ). A similar result is observed when cytokinesis is blocked neuroblasts maintain hb transcription, or merely show abnormally stable hb mRNA or protein. To distinguish with the microfilament inhibitor Latrunculin B (data not shown). Active hb transcription can be detected in all between cytokinesis and cell cycle progression for timing Hb / Kr / Pdm1 / Cas expression ( Figure 1D four or more nuclei in the multinucleate neuroblasts (data not shown), so we can rule out the possibility that versus Figure 1E) Figure 1D) . Second, that neuroblast cytokinesis is essential for trigHb, the temporal identity timer can drive Kr / Pdm1 / Cas expression normally even without cell cycle progering the Hb / Kr transition; this is consistent with feedback signaling from the new-born GMC to the pargression. This indicates the presence of a robust neuroblast-intrinsic timing mechanism that is independent of ental neuroblast ( Figure 1E, black arrows) or partitioning of an hb transcriptional activator into the GMC durcell cycle progression, asymmetric partitioning of transcription factors, feedback signaling from GMC proging asymmetric division ( Figure 1E, colored arrows) . eny, and nucleo-cytoplasmic ratio (see Discussion). could "freeze" the temporal identity timer prior to the start of Kr / Pdm1 / Cas gene expression. These Pdm1 / Cas timing requires cytokinesis or cell cycle progression, we would expect that hb, string double two models can be easily distinguished by an Hb "pulse/chase" experiment, in which Hb is maintained mutant neuroblasts would show persistent Kr expression throughout embryogenesis. We were therefore for 10-12 neuroblast cell cycles and then turned off, and the temporal identity of the subsequent progeny quite surprised to find that hb, string double mutant embryos sequentially express Kr / Pdm1 / Cas with are scored. If the temporal identity timer is advancing normally, the neuroblast will generate extra early-born a timing indistinguishable from wild-type neuroblasts, despite the fact that the neuroblasts were G 2 arrested neurons at the expense of middle-born neurons; if the temporal identity timer is arrested, the neuroblast will (Figure 6 ). More specifically, we find that hb, string double mutant neuroblasts have high Kr, low Pdm1/Cas resume with the normal sequence of middle-born neurons. at stage 10; high Pdm1, low Kr/Cas at stage 11; and high Cas, low Kr/Pdm1 at stage 12 (Figure 6 ). This is We performed the Hb "pulse/chase" experiment in the well-characterized NB7-1 lineage (Isshiki et al., the same temporal pattern of expression that is ob-expression until at least stage 13, at which time the Hb levels gradually decline and disappear ( Figures 7A and  7B and data not shown) . We assayed U1-U5 neuronal identity in these embryos, and we found the expected pool of 10-12 Hb + U1 neurons (due to the extended expression of Hb in the neuroblast), but we also detected the normal complement of U2-U5 later-born neurons. The U2-U5 neurons were born later (first detected at stage 16 whereas normally they can be observed at stage 13) and positioned in the most ventral and lateral portion of the Eve + U neuron cluster, showing that they were the last-born cells of the cluster (Pearson and Doe, 2003) . We conclude that Hb expression can arrest the neuroblast temporal identity timer at the earliest stage, independent of the number of cell divisions that occur, and that Hb downregulation is required for advancing the temporal identity timer. Our results, combined with the inability of Hb to induce first-born fates in postmitotic neurons (Pearson and Doe, 2003) , raise the possibility that a primary role of Hb is to maintain neuroblasts in a "young" temporal state.
Discussion
We have shown that there are two timing mechanisms that regulate temporal identity transitions in Drosophila neuroblasts: a cytokinesis-dependent mechanism that times the Hb / Kr transition, and a cell cycle-independent mechanism that times the Kr / Pdm1 / Cas transitions. We have also shown that Hb can maintain the neuroblast in a temporally "young" state over many cell divisions without losing the potential to resume the lineage upon decline in Hb levels. Our results provide insight into the complexity of temporal patterning mechanisms, as well as provide a foundation for further Figure S1) . rons (Cui and Doe, 1992; Mellerick et al., 1992) (data Thus, Prospero may have a role in maintaining hb trannot shown). In the future, it will be important to do scription in GMCs and neurons, consistent with its mRNA/protein double labels for Kr, pdm1, and cas to nuclear localization in these cell types, but it is not redetermine the extent to which mRNA/protein levels are quired for timing of hb transcription in neuroblasts. correlated at the single cell level. Unfortunately, it is not To investigate the role of feedback signaling from the easy to assay for active transcription of Kr or cas due GMC, it would be ideal to do GMC ablations and assay to the lack of large introns. for extended hb transcription in the parental neuroSurprisingly, we found that cell cycle-arrested neuroblast, but this experiment is technically very demandblasts that lack Hb still express Kr / Pdm1 / Cas with ing, and even short GMC-neuroblast contact might be the same timing as in wild-type embryos. What mechaenough for the signaling to occur. We have tested nism might time Kr / Pdm1 / Cas expression in the whether the feedback signal is mediated by the Notch absence of cell division? We can rule out extrinsic pathway, which is active in all neuroblasts and GMCs cues, because isolated neuroblasts still undergo norexamined to date (Skeath and Doe, 1998), and find that mal Kr / Pdm1 / Cas gene expression timing. We blocking the pathway with a sanpodo mutant (Skeath can also rule out a change in nucleo-cytoplasmic ratio, and Doe, 1998) has no effect on the timing of hb / known to time certain early embryonic events (Newport Kr / pdm1 / cas neuroblast expression (data not and Kirschner, 1982a, 1982b), because wild-type neuroshown). The identification of trans-acting factors that blasts increase their nucleo-cytoplasmic ratio over associate with the hb cis-regulatory DNA may be the time, but G 2 -arrested neuroblasts decrease their nucleobest approach to distinguish between feedback signaling and transcription factor partitioning mechanisms.
cytoplasmic ratio as they enlarge without dividing. 
